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A DIFFERENTIAL AMPLIFIER FOR RESTING AND
ACTION POTENTIALS OF BIOLOGICAL SYSTEMS*
CRAIG W. GOODWIN
Growing interest in the electrical properties of living organisms
has required the development of amplifiers sufficiently sensitive and
stable to record the minute changes in potential encountered. Such
amplifiers must be of high gain, with differential input (so that
several amplifiers may be used simultaneously on one specimen),
freedom fromvoltage drift, and should be direct coupled throughout
in order to permit of both AC and DC recording.
To meet such requirements amplifiers have been built with the
most expensive materials, complicated circuits, and many adjust-
ments, and hence become excessively bulky. Three types of record-
ing instrument are commonly used, viz., the cathode ray tube,
ink-writingoscillograph, and'Westinghouseloop oscillograph. These
differ greatly in the requirements of the output stage. The instru-
ment here described is a new type of amplifier which meets all of
these conditions, uses few expensive parts, is light, and is inexpensive
to maintain.
Figure 1 shows the circuit of the amplifier. Figure 2 shows a
power pack capable ofrunning four channels at once. The amplifier
has three stages, all push-pull directly coupled, with inverse feed-
back from the plates of the second stage to the cathodes of the first
stage. The power supply is regulated not only in the usual fashion,
but has additional compensation to provide complete independence
of line voltage fluctuations.
The first amplifier stage provides a differential action of better
than 500 to 1 in spite of usual differences between tubes. That is,
thie sensitivity to a voltage E1 is more than 500 times as great as
to E2.
The gain of the amplifier is variable from about one thousand
to more than one million.
Inverse feedback is provided by R7 and Ri. The gain control
R16 affects the amount of feedback voltage applied to the 6J7
cathodes. At maximum gain, this voltage is zero. Since the gain
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FIG. 1. Wiring diagram of AC powered differential direct coupled amplifier
showing push-pull connection and inverse feedback.
Parts List
R1 R2- 0.4 meg. precision wire wound resistor
R3 -0.5meg. " " " "
14 30,000 ohm " " "
R, R,,-0.2 meg. " " " "
R7 R8 -10 meg. metallized resistor (I watt)
R, R,6- 0.5 meg. "
R - 2.0 meg. "
CC
R12 - 10,000 ohm power wire wound resistor (20 watt)
R13 R14- 15,000 ohm " " " " (10 watt)
R5 -50,OOO ohm " " " "
c
R1 - 5 meg. gain control (Yaxley UC-507 or equivalent)
R17 - 0.2 meg. coarse balance control (no taper)
R18 - 10,000 ohm fine balance control (no taper)
R19 - 20,000 ohm control (no taper) (see text)
A, B -output terminals
M -male cable connector
is so high, somedrift may be encountered. However, when the gain
is reduced to values more commonly used, the drift decreases, not
only because of the gain reduction but also because feedback is
introduced.
The effect of the feedback is to reduce the distortion-to-signal
ratio by the same factor as that by which the gain is reduced. That
is, if the gain is reduced by a factor of N the relative value of the
distortion is reduced by a factor of N, or the absolute value by a
factor of N2. Distortion is here considered as anything in the outputIDIFFERENTIAL DC AMPLIFIER
FIG. 2. Wiring diagram of regulated power supply showing devices used to
maintain voltage of output constant despite changes in load and in line voltage.
Parts List
R1 -1 megohm 1 watt
R2 -75,000 ohm 1 watt
R3 -200,000 ohm variable
R4 -250,000 ohm 1 watt
R5 -150,000 ohm 2 watt
R0 -20,000 ohm variable
R7 -20,000 ohm 1 watt
R8 R6-20 ohm 3/2 watt
R,0 -10 ohm rheostat
C1 C2-8 microfarad 1000 volt oil filled
condensers
L -10 henry 100 milliampere choke
T1 -power transformer (Thordarson
T74 R28 or equivalent)
T2 -6.3 volt transformer
V1 -5U4-G tube
V2 -2A3 tube
V3 -6J7 tube
B1 -small 45 volt battery
B2 B5-90 volt B batteries
F -female cable connector
S1 -line switch
S2 -battery switch
which does not conform to the input and would include tube noise,
voltage drifts, etc.
Two tubes in push-pull always tend to respond to a common
voltage applied to the grids (as E2 in Fig. I) as if they were in
parallel. Such action is a common and frequently unsuspected
source of "motor-boating" in push-pull amplifiers. Here V1 and
V2, followed by V3 and V4 form such a two-stage amplifier. How-
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ever, the resistors R7 and R8 always apply their full degeneration to
this parallel amplifier regardless of the setting of R16, reducing its
gain to so low a value that instability of this sort does not arise.
The output stage is kept flexible by not degenerating over it.
Since it operates at high level, its drifts and noise are not appreciable.
Also (for reasons too complicated to discuss here) the well-known
distortion experienced when a beam tube works into a loud-speaker
is not present. This output stage can supply the high AC voltage
necessary to drive a cathode ray tube, or if it is connected to a low
impedance load, such as an ink-writing or a Westinghouse loop oscil-
lograph, it can supply current to operate those devices. Some ink-
writers will require that the current in the output stage be increased.
Square wave performance shows the frequency response to be flat
to over 10,000 cycles. However, any recording device other than a
cathode ray tube will probably have a more limited frequency
response.
Due to the large gain in one chassis, the amplifier will oscillate
if the input impedance and the gain are both too high. Careful
shielding of the specimen under experiment will reduce this ten-
dency, and permit a higher gain for a given high value of input
impedance. Proper shielding within the chassis would raise the
allowable input impedance but might reduce the frequency response.
The amplifier is not intended for use with glass or other electrodes
whose impedance is so high that "free grid" operation is necessary.
The power supply (Fig. 2) includes a conventional power trans-
former, rectifier, and filter. The current from the filter passes from
plate to filament of V2. The grid voltage of V2 determines the drop
across the tube. Suppose that, for any reason, thevoltage at point B
increases, then the grid voltage, and hence the plate current, of V3
will increase and the plate voltage of V3 and the grid voltage of V2
will decrease. The drop across V2 will increase. The result is that
the change at B is much less than it would be without the regulator.
However, there must be a small change at B to actuate the regulator.
The chief cause for variations at B is change in line voltage, and
these variations are still sufficient to disturb the amplifier. By the
use of the resistors R1, R2, R3, it is possible to obtain the grid voltage
changes from a non-regulated point A, so that the regulator may be
actuated even though the voltage at B remains unchanged. The
resistors R1 and R2 are chosen so that the point C is at nearly the
same potential as the point D. Then R3 is adjusted until a change
in Rio (or a change in line voltage) produces no change in the volt-
104DIFFERENTIAL DC AMPLIFIER
age at B (or in the recording instrument actuated by the amplifier).
If R3 is too small, an increase in line voltage will cause a decrease
at B; if R3 is too large, an increase in line voltage will cause an
increase at B. There is a definite value of R3 for which B is not
affected. After R3 has been adjusted, Rio should be put at zero
resistance position. The network R1, R2, R3, does not improve the
constancy of voltage at B for changes in load. However, the reg-
ulator as a whole is very good in this respect, and the load does not
change enough to cause trouble.
R7 is the output voltage control. If it is set so that it calls for
a higher output than the transformer can supply, then V3 is biased
beyond cut-off, the drop across V2 decreases to a minimum, and no
regulating action is had. This mis-adjustment is most likely to
occur when the power supply is fully loaded. A suitable setting
for R7 would be such that with full load, the regulator cuts out at
100 volts on the primary.
This power supply is capable of operating 3 or 4 amplifiers sim-
ultaneously. No interference, or cross talk, is encountered.
The stability of the entire set is due in part to the use of push-
pull throughout, in part to the high degree of regulation in the
power supply, andin part to the inverse feedback. Thus the adjust-
ments for stability are not excessively critical.
After the "baking in" period, the drift is less than 100 micro-
volts per hour, and with suitable precautions, such as the use of a
large storage battery, protection from drafts, room temperature
variations, etc., a drift of less than one-tenth this value can be
reached.
The price for parts for 3 channels, power supply, and 38-inch
relay rack is less than $150. The set weighs about seventy-five
pounds.
Figure 4 shows a view of the amplifier. Figures 5a and Sb are
examples of its operation into an ink-writing oscillograph and into a
Westinghouse loop oscillograph.
Construction
The amplifiers are built on standard 7" X 17" X 3" steel chassis, and
7" X 19" press-wood panels are used to insulate the chassis from the rack.
Thus each chassis is grounded at only one point, viz., through its power
cable. Rubber-cushioned sockets (e.g., Amphenol) are used for V1 and V2.
On the rear skirt of the chassis are mounted four cable connectors for (1)
input, (2) A battery, (3) power supply and B batteries, (4) output. It is
recommended that the first three of these be male, and the last female. If
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all sources of power are female and all sinks are male, the danger of shorting
and of shocks is minimized.
R18 is critical and should be mounted so as to be accessible from the rear
of the chassis. It is adjusted for maximum gain. R16, R17, and R18 are
mounted on the panel and are equipped with knobs.
The output terminals of the amplifier are at 400 volts above ground, so
precautions must be taken to avoid shocks, short circuits, etc. If a cathode
ray tube is used, its anode must be at this potential.
The first stage uses RCA 6J7 metal tubes. Experience has shown these
to be stable, non-microphonic, and generally satisfactory. The metal shell
prevents photoelectric effects. 6J7-G's and 6SJ7's have not been suitable.
7C7's are used in the second stage to conserve heater current. Possibly
they would also be satisfactory in the first stage.
The third stage uses 6V6-GT's. They take 10 milliamperes each. If
greater current output is desired, the resistors, R12, R13, R14, R15, could be
decreased. For high currents, the heat generated would be a problem. Also
the power supply would have to be revised.
Some amplifiers show a slight tendency to oscillate, which can be sup-
pressed by connecting a 1 ,ufd. condenser in parallel with R12.
The heaters of the first two stages are supplied from a storage A battery.
The third-stage heaters are AC powered. The first-stage plate voltage is
supplied from B batteries, the second and third from the regulated power
supply.
The power supply is built on an 8" X 17" X 3" chassis and has an
8 /4" X 19" steel panel. The switch, pilot light, and line fuse are mounted
on the panel. The resistors R3, RG, and RIO are screw-driver adjustments,
reached from the rear.
Female cable connectors are placed on the power supply chassis so con-
nections to the amplifier can be made with cables. These cables might also
carry the B battery voltage, and a switch on the power supply chassis could
disconnect the batteries when not in use.
The power transformer specified has a 2.5 volt winding which lights
the 2A3. The 6.3 volt winding lights the 6V6-GT's, and is not grounded.
This saves strain on the heater-cathode insulation. A separate transformer
lights the 6J7 to save strain on its insulation.
If high current is to be used in the output stage, T1 should be replaced
by a transformer having a higher current rating. V1 could be two 5U4-G's
each with parallel plates functioning as a half wave rectifier, and V2 could
be two or more 2A3's in parallel (each with a 100-ohm resistor in series
with its grid to prevent parasitic oscillations). L would have to be replaced
by a higher current choke.
All 60-cycle wiring and apparatus in the vicinity of the amplifier must
be thoroughly shielded and the shields grounded. Otherwise intolerable hum
pickup will result.
106FIG. 3. Cathode ray oscillogram of amplified 1200 cycle square wave (full gain).
FIG. 4. Rear view of amplifier.
FIG. 5a. Ink-writer record of E K G of cat picked up with steel needle electrodes.
FIc.. 5b. Westinghouse loop oscillogram of cortical activity and E K G of monkey.